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ABSTRACT

The realization of single crystal and bicrystal films of superconducting materials is of great interest because they allow the investigation of the
intragrain performance as well as the understanding of potential limitations in the grain boundary transparency. For many years, the
realization of a high-quality (Ba,K)Fe2As2 film has been challenging. Here, the realization of (Ba,K)Fe2As2 epitaxial thin films on single crystal
SrTiO3(001) and [001]-tilt-type SrTiO3 bicrystal substrates with high superconducting properties is demonstrated. The epitaxial growth of
(Ba,K)Fe2As2 was enabled by implementing an undoped BaFe2As2 buffer layer between the SrTiO3 substrate and (Ba,K)Fe2As2 film. The film
exhibits a high Tc of 38.0 K and an extremely high Jc of 14.3 MA/cm2 at 4.2 K. Artificial grain boundaries of (Ba,K)Fe2As2 were also success-
fully achieved on bicrystals with misorientation angles up to 36.8� by the same preparation methods. The artificial grain boundaries exhibited
an identical Tc of 38.0 K and an excellent transfer of the grain orientation from the bicrystal substrates with high crystallinity comparable to
that of the high-quality Ba(Fe,Co)2As2 films. This enables the investigation of the intrinsic (Ba,K)Fe2As2 grain boundary nature, which will
clarify its potential for superconducting applications, like Josephson junctions, wires, and magnets.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0233645

Fe-based superconductors1 (FBSs) are promising materials for
practical applications that require high magnetic fields such as medical
magnetic resonance imaging or fusion reactors.2 Among them, (Ba,K)
Fe2As2 is one of the most extensively studied materials owing to its
high superconducting properties; namely critical temperature (Tc) of
38K,3,4 upper critical field up to 90T,5 critical current density (Jc) over
10 MA/cm2,6,7 and nearly isotropic electromagnetic property.8 These
features allow (Ba,K)Fe2As2 to be applied as polycrystalline wires and
bulks with low-cost fabrication. However, polycrystal applications can-
not be achieved without finely tuned grain boundaries as they limit the
supercurrent to flow globally. At grain boundaries, supercurrent is
either limited by weak-link issues that occur by high-angle misorienta-
tion between the neighboring grains or contamination such as impu-
rity or chemical inhomogeneity. The improvement of the transport Jc
in (Ba,K)Fe2As2 polycrystalline wires has been achieved by attempting
various fabrication methods to obtain optimal grain size and grain tex-
ture.9–13 So far, (Ba,K)Fe2As2 has proven its potential in wires reaching

Jc¼ 1.6� 105 A/cm2 at 4.2K and 10T,12 and trapped magnetic field of
2.83T in superconducting permanent magnets.14 To further enhance
its performance for practical applications, an understanding of the
nature of grain boundary is important.

Experiments using artificial grain boundaries (AGBs) are a clear-
cut method for investigating the nature of grain boundaries. For the
past decades, grain boundary properties of FBSs have been investigated
and reported in Ba(Fe,Co)2As2,

15–17 BaFe2(As,P)2,
18 NdFeAs(O,F),19

and Fe(Se,Te)20 using epitaxial thin films prepared on bicrystal sub-
strates. Despite the high interest, AGBs of (Ba,K)Fe2As2 have not been
realized due to the difficulty in preparing epitaxial thin films contain-
ing highly volatile potassium. Recently, we have reported the (Ba,K)
Fe2As2 epitaxial thin film achieved by low-temperature growth
(�400 �C) and the use of proper substrates and buffer layers.21,22 More
recently, (Ba,K)Fe2As2 epitaxial thin films were prepared on [001]-tilt-
type MgO bicrystal substrates with misorientation angles (hGBs) up to
24�, and their transport properties were investigated.23 The films
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prepared on MgO bicrystal substrates revealed a high grain boundary
performance (Jc > 0.1 MA/cm2 across AGB with hGB¼ 24� at 28K,
self-field), which surpasses other FBSs reported so far. In order to
observe high-angle grain boundary characteristics of (Ba,K)Fe2As2,
film growth on bicrystal substrates with high hGBs is required.
SrTiO3(001) substrates are one of the commonly used materials for
film growths and are available in the form of bicrystal with high hGBs
up to 36.8�. The use of SrTiO3(001) substrates is also advantageous in
both terms of lattice matching and its constituent element containing
divalent alkaline-earth elements. Indeed, previous reports have proven
that the use of SrTiO3 enables the growth of high-crystallinity epitaxial
thin films of Ba(Fe,Co)2As2.

16,24

Here, we report the growth of (Ba,K)Fe2As2 epitaxial thin films
grown on single crystal SrTiO3(001) substrates and [001]-tilt-type
SrTiO3 bicrystal substrates. The epitaxial growth was enabled by
implementing a BaFe2As2 buffer layer between the SrTiO3 substrate
and (Ba,K)Fe2As2 film. The film exhibits a high Tc of 38.0K and a Jc
exceeding 10 MA/cm2, indicating the high quality of the film. The
films prepared on [001]-tilt-type SrTiO3 bicrystal substrates with their
hGBs up to 36.8� exhibit high crystallinity with excellent transfer of the
grain orientation from the bicrystal substrates.

Growth of (Ba,K)Fe2As2 epitaxial thin films was performed on
SrTiO3(001) substrates using a custom-designed molecular beam epi-
taxy (MBE) system with a base pressure of 1.0� 10�7Pa. The MBE
system is equipped with electron impact emission spectrometry and
atomic absorption spectrometry for precise control of the evaporating
flux of the elements. The detailed deposition processes are described in
previous reports.21,22,25 SrTiO3(001) substrates were used because the
a-axis length of SrTiO3 (3.905A

o

) matches well with that of (Ba,K)
Fe2As2 (3.842–3.962 Å)

26 and are commercially available in the form
of bicrystal with high hGBs up to 36.8� (Furuuchi Chemical
Corporation). Many studies have reported that obtaining ideal TiO2

termination by pretreatments leads to an improved crystallinity of the
films,27,28 but in this study, as-received SrTiO3 substrates were used
because no significant difference was observed (see the supplementary
material, Fig. S1). Since (Ba,K)Fe2As2 films grown directly on
SrTiO3(001) substrates show no (Ba,K)Fe2As2 peaks (shown in supple-
mentary material, Fig. S2), a BaFe2As2 buffer layer was first deposited
on the substrate as previously reported.22 The BaFe2As2 layer was
grown at a high temperature of 600 �C and (Ba,K)Fe2As2 was grown at
a low temperature of 400 �C to prevent re-evaporation of K. The K
composition of the (Ba,K)Fe2As2 film was aimed at the optimal com-
position of Ba0.6K0.4Fe2As2. The BaFe2As2 buffer layer was deposited
at an evaporation rate of �1 Å/s for 3.5min, yielding a thickness of
�20 nm, and the (Ba,K)Fe2As2 layer was deposited at an evaporation
rate of �1.5 Å/s for 10min, yielding a thickness of �90 nm. The total
pressure during the deposition was �1.0� 10�5Pa. Films were in situ
coated with CaF2 on top of the (Ba,K)Fe2As2 at room temperature to
further enhance the stability in the air. The resultant films were stable
in air and did not degrade upon exposure to air for at least 24h regard-
less of the CaF2 protecting layers.

The crystal structure of the films was evaluated with in situ reflec-
tion high-energy electron diffraction (RHEED) with an acceleration
voltage of 17.6 kV, x-ray diffraction (XRD) using a four-cycle (2h, x,
v, /) diffractometer with CuKa radiation, and cross-sectional trans-
mission electron microscopy (TEM). The axis lengths of the film were
estimated using Nelson–Riley extrapolation. a-axis length was

evaluated by the diffraction peaks from the off-axis (103) and (206)
planes (see the supplementary material, Fig. S3). The cross-sectional
samples for TEM observation were prepared by a focused ion beam in
a scanning electron microscope, Helios Hydra CX (Thermo Fisher
Scientific). The high-resolution scanning transmission electron
microscopy (STEM) images and elemental analysis were obtained by
Titan G2 Cubed 60-300 (Thermo Fisher Scientific), which was
equipped with bright-field (BF), high-angle annular dark-field
(HAADF), and energy-dispersive x-ray spectroscopy detectors. These
STEM analyses were operated at an acceleration voltage of 300kV. In-
plane resistivity measurement was conducted with a standard four-
probe method with four pins pressed against the film surface to realize
electrical conduction. The resistivity of the films was calculated with
the total thickness of the (Ba,K)Fe2As2/BaFe2As2 bilayer. The thickness
values of the films were assumed to be 20 and 100nm for the
BaFe2As2 buffer layer and (Ba,K)Fe2As2 layer, respectively, which are
the typical thicknesses for the same growth condition. Tc values were
defined as the temperature at which the resistivity dropped to 90% of
its normal-state resistivity above transition (Tc

0.9), and transition width
DTc was defined by the difference of Tc

0.9 and Tc
0.1 (the temperature at

which the resistivity dropped to 10% of its normal-state resistivity
above transition). Magnetization measurements were performed using
a superconducting quantum interference device (SQUID) on a rectan-
gular slab with a dimension of 1.65� 1.89mm2��100nm. Jc was
estimated from the magnetization hysteresis loop with Bean critical
state model.29

Figure 1(a) shows the out-of-plane XRD pattern of the (Ba,K)
Fe2As2 film grown on SrTiO3(001) substrate with a 20-nm-thick
BaFe2As2 buffer layer. Sharp (002l) peaks confirm that the film has a
strong c-axis orientation. Split in the (002l) peaks was observed in
peaks with a higher angle than (004) peaks. The double peaks are
attributed to the diffractions from the (Ba,K)Fe2As2 layer at a lower
angle and the BaFe2As2 layer at a higher angle, indicating the differ-
ence in c-axis length having different K concentrations. The difference
in the intensity of the peak is consistent with the thickness of each
layer. This suggests that two layers exist independently and that there
is no apparent elemental diffusion from or into the BaFe2As2 buffer
layer. Figure 1(b) shows the rocking curve for the (004) reflection of
(Ba,K)Fe2As2 with a full width at half maximum (FWHM) of
Dx004¼ 0.70�. The c-axis length and a-axis length of (Ba,K)Fe2As2
layer are estimated to be 13.282 and 3.931A

o

, respectively. Compared
with Ba0.6K0.4Fe2As2 bulks with axis lengths of (a, c)¼ (3.912, 13.335)
(A

o

),3,26 the film grown on SrTiO3 substrates has a long a-axis and a
short c-axis. In-plane alignment was determined by /-scan around
(103) reflection, as shown in Fig. 1(c). The film shows sharp peaks
(D/103¼ 0.86�) with a fourfold symmetry, reflecting the tetragonal
structure of the (Ba,K)Fe2As2. Figures 1(d) and 1(e) show the RHEED
patterns of the BaFe2As2 buffer layer and (Ba,K)Fe2As2 layer, respec-
tively. Both pictures were taken during the deposition with an electron
beam incidence parallel to SrTiO3 [100] azimuth. The RHEED pattern
of the BaFe2As2 shows a streak pattern, whereas the (Ba,K)Fe2As2 film
exhibits streaky spots. The streaky spots can be interpreted as a rough
surface due to the low-temperature growth resulting in a low adatom
diffusion. Both pictures resemble the RHEED patterns observed for
BaFe2As2 and (Ba,K)Fe2As2 film deposited on CaF2(001) substrates.

21

The detailed RHEED patterns during the deposition are shown in the
supplementary material (Fig. S4). The results of XRD analysis and
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RHEED observation confirm that (Ba,K)Fe2As2/BaFe2As2 is epitaxially
grown on SrTiO3(001) substrates.

Epitaxial thin films of (Ba,K)Fe2As2 were also prepared on [001]-
tilt-type SrTiO3 bicrystal substrates with hGBs up to 36.8�. Figure 2(a)
shows the out-of-plane XRD pattern of the (Ba,K)Fe2As2/BaFe2As2 pre-
pared on SrTiO3 bicrystal substrate with a hGB of 36.8�, which was
deposited together with the sample shown in Figs. 1(a)–1(c). Films pre-
pared simultaneously on SrTiO3 bicrystal substrates with hGB¼ 24� and
30� are shown in the supplementary material (Fig. S5). The out-of-plane
XRD pattern shown in Fig. 2(a) is identical to that shown in Fig. 1(a),
meaning that there is no difference in the out-of-plane alignment
between the film on single crystal substrates and bicrystal substrates.

The c-axis length was 13.281A
o

, which is almost the same as that obtained
for the film prepared on the single crystal substrate. Figure 2(b) shows
the in-plane XRD pattern of the film and substrate. Both film and sub-
strate show two sets of peaks with a 90� periodicity and a relative separa-
tion of 36.3�, implying tetragonal structures having a misorientation
corresponding to the tilt angle of the SrTiO3 bicrystal substrates. Eight
sharp peaks were observed at the same angle for both the (Ba,K)Fe2As2
(103) plane and the SrTiO3 (101) plane, indicating a perfect transfer of
the grain orientation from the bicrystal substrate (average hGBs of (Ba,K)
Fe2As2 and SrTiO3 are 36.31� and 36.30�, respectively). The FWHM of
the film (D/103¼ 0.77�) is comparable to that of high-quality Ba(Fe,
Co)2As2 epitaxial thin films prepared on bicrystal substrates.16,30

FIG. 1. (a) Out-of-plane XRD pattern of
the (Ba,K)Fe2As2/BaFe2As2 grown on sin-
gle crystal SrTiO3(001) substrates. (b)
Rocking curve for (004) reflection of (Ba,
K)Fe2As2. (c) Comparison of /-scan of
(Ba,K)Fe2As2 (103) plane and SrTiO3

(101) plane. (d) and (e) are RHEED pat-
terns of the BaFe2As2 buffer layer and
(Ba,K)Fe2As2 layer, respectively. The
RHEED images were taken during the
deposition along with an incident electron
beam parallel to the substrate [100]
azimuth.

FIG. 2. (a) 2h/x-scan of (Ba,K)Fe2As2/
BaFe2As2 film deposited on a [001]-tilt-
type SrTiO3 bicrystal substrate with
hGB¼ 36.8�. (b) Comparison of /-scan of
(Ba,K)Fe2As2 (103) plane and SrTiO3

(101) plane. The average hGBs of (Ba,K)
Fe2As2 and SrTiO3 are 36.31� and
36.30�, respectively.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 125, 182601 (2024); doi: 10.1063/5.0233645 125, 182601-3

Published under an exclusive license by AIP Publishing

 03 D
ecem

ber 2024 21:26:47

https://doi.org/10.60893/figshare.apl.c.7502856
pubs.aip.org/aip/apl


Figure 3(a) shows the bright-field STEM image of the (Ba,K)
Fe2As2/BaFe2As2/SrTiO3 film in the cross-sectional direction. As can
be seen in the figure, the (Ba,K)Fe2As2 film shows a clear columnar
bright and dark contrast, which implies that the film contains dense
vertical low-angle grain boundaries (LAGB), similar to the (Ba,K)
Fe2As2 film grown on a CaF2 single-crystal substrate.6 The width
between the LAGBs, which is indicated as red dashed lines in Fig. 3(a),
is 50–80nm. Many amorphous layers parallel to the ab-plane were
found in the BaFe2As2 buffer, as shown in Fig. 3(a) and the atomic-
resolution image, Fig. 3(b). Such defects were not found in the (Ba,K)
Fe2As2 layer. The epitaxial relationship between the three layers can be
clearly observed in Fig. 3(b) as (001)[100]-(Ba,K)Fe2As2 jj (001)[100]-
BaFe2As2 jj (001)[100]-SrTiO3. Therefore, it can be said that the
BaFe2As2 layer can play the role of an effective buffer for the growth of
a perfect (Ba,K)Fe2As2 superconducting film. In addition, with the
help of the atomic-resolution images, the c-axis length of the (Ba,K)
Fe2As2 layer was measured to be 13.237A

o

with reference to the lattice
parameter of SrTiO3 (a¼ 3.905 A

o

), which is similar to that of XRD
measurements. Figure 3(c) shows the elemental analysis along the
green dashed line in the left panel, which shows that the potassium has
been doped into the superconducting layer successfully. In addition,
the right panel in Fig. 3(c) also shows clear barium peaks correspond-
ing to the amorphous layers, which indicate that the active barium ele-
ment is prone to segregate. This phenomenon is also observed in
polycrystalline BaFe2As2 bulks.

31 The excess O element in the (Ba,K)
Fe2As2 layer and BaFe2As2 buffer is attributed to brief contact with the
atmosphere during TEM sample preparation and observation.

Figure 4 shows the temperature dependence of resistivity of (Ba,
K)Fe2As2 prepared on a [001]-tilt-type SrTiO3 bicrystal substrate with
hGB¼ 36.8�. Resistivity for both intergrain and intragrain was

measured as illustrated in the inset. The resistivity for intragrain and
intergrain at 300K was 344 and 319 lX cm, respectively, which is
comparable to that of a single crystal (�310 lX cm).32 The residual
resistivity ratio (RRR) defined by q(300K)/q(39K) was 6.00 for the
intragrain transport, which is smaller than that of the high-quality sin-
gle crystal (11.6)32 but comparable to the Ba0.64K0.36Fe2As2/BaFe2As2

FIG. 3. Cross-sectional microstructural
analysis of the (Ba,K)Fe2As2 film epitaxi-
ally grown on SrTiO3 substrate. (a) The
bright-field STEM image of the cross-
sectional sample. On the right side of the
image, few LAGBs are highlighted by red
dashed lines. (b) Atomic-resolution
HAADF-STEM image of the interfaces
between (Ba,K)Fe2As2 and BaFe2As2 and
SrTiO3. (c) Line scanning of elemental
analysis along the green dashed line in
the left panel.

FIG. 4. Comparison of intragrain and intergrain resistivity for (Ba,K)Fe2As2/
BaFe2As2 prepared on [001]-tilt-type SrTiO3 bicrystal substrates with hGB¼ 36.8�.
The inset is the schematic image of the measurement and the enlarged view
near Tc.
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film deposited on MgO substrates (5.8).22 As for the intergrain trans-
port, the RRR was 5.73, comparable to the intragrain transport. Sharp
superconducting transitions (DTc¼ 0.77K) were observed at a high Tc
of 38.0K for both intragrain and intergrain transports. This high Tc is
reasonable compared to Ba0.6K0.4Fe2As2 of a single crystal (�38K)
and polycrystal (�38K).26,32,33 The unchanged DTc for the intergrain
transport indicates that there is no impurity phase at the AGB, which
could cause the transition width to broaden. The unchanged Tc and
DTc are consistent with the high-quality AGB of Ba(Fe,Co)2As2
with hGB �37.1�,16 thus indicating that the obtained AGB is of high
quality.

Figure 5 shows the high-field Jc property of the film measured for
H//c. The nominal composition of this film is Ba0.63K0.37Fe2As2, which
is slightly lower than that of the sample shown in Figs. 1, 2, and 4. The
film exhibits a very high Jc of 14.3 MA/cm2 at 4.2K, under the self-
field. In addition, the Jc retains 1 MA/cm2 even at 15K and 16T. This
value is comparable to the Jc obtained by the film grown on CaF2 sub-
strate with LAGB networks.6 Moreover, the pinning force density
(defined by the product of Jc and magnetic field) was 410 GN/m3 at
4.2K and 16T, which is the highest value ever reported among FBSs.
The high Jc performance is most likely due to the flux pinning by the
LAGBs observed in Fig. 3(a). The achievement of high Jc (Ba,K)Fe2As2
epitaxial thin films on SrTiO3 substrates reveals the high potential of
(Ba,K)Fe2As2 for applications and enables further high-field experi-
ments in the form of epitaxial thin films.

The previously reported AGBs of (Ba,K)Fe2As2 prepared on
MgO revealed a high grain boundary transparency of the (Ba,K)
Fe2As2.

23 However, for some reason, (Ba,K)Fe2As2 films prepared on
MgO bicrystal substrates were slightly distorted, and spontaneous
structural deformations were observed around AGB. Therefore, the
macroscopic hGB (determined from XRD) does not actually corre-
spond to the microscopic hGB (observed from TEM). Compared with
the previously reported AGBs on MgO substrates, AGBs prepared on
SrTiO3 substrates yield better crystallinity. Specifically, a high intensity

of out-of-plane diffraction peaks and a narrow FWHM for /-scan of
(103) plane. The improved crystallinity and the absence of 45�-rotated
grains in the AGBs of (Ba,K)Fe2As2 provide the opportunity to study
more intrinsic grain boundary properties. The results also prove that
BaFe2As2 is an effective buffer layer for realizing films with high crys-
tallinity. The achieved AGBs allow direct comparison with the grain
boundary characteristics of Ba(Fe,Co)2As2 to observe the intrinsic
grain boundary nature of the (Ba,K)Fe2As2 up to high hGBs of 36.8�.
The physical properties of the (Ba,K)Fe2As2 AGBs will be reported in
the next reports. In addition to the investigation of grain boundary
nature, the high quality of the films such as high crystallinity, a small
DTc, and a large Jc can enable thin film device applications with
Josephson junctions. Superconducting devices such as SQUID along
the bicrystal grain boundary junction using (Ba,K)Fe2As2 epitaxial thin
films prepared on SrTiO3 bicrystal substrates may prove the potential
as superconducting devices.

To conclude, (Ba,K)Fe2As2 epitaxial thin films were prepared on
SrTiO3(001) substrates by implementing the BaFe2As2 buffer layer.
The film exhibits a Tc of 38.0K and a Jc exceeding 14 MA/cm2 which
implies the high quality of the film. The same growth procedure can
be adopted to achieve high-angle AGBs of (Ba,K)Fe2As2 on bicrystal
substrates. The intrinsic grain boundary nature of (Ba,K)Fe2As2 can be
investigated with transport and magnetization measurements, and
nano-structural observations. The insights that would be obtained
from the AGBs of (Ba,K)Fe2As2 could foster the enhancement of trans-
port Jc of the superconducting wires or coated conductors, trapped
magnetic field of superconducting permanent magnets, and supercon-
ducting device applications of (Ba,K)Fe2As2.

See the supplementary material for the film growth on the pre-
treated SrTiO3 substrates, crystal structure and resistivity of BaFe2As2
and (Ba,K)Fe2As2 grown directly on SrTiO3 substrates, detailed calcu-
lation process of the lattice parameter, detailed RHEED patterns dur-
ing the growth, and (Ba,K)Fe2As2 epitaxial thin films grown on SrTiO3

bicrystal substrates with hGB¼ 24� and 30�.
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